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ABSTRACT 
Development and application of inorganic adsorbent materials have been 
continuously investigated due to their variability and versatility. This Master 
thesis has expanded the knowledge in the field of adsorption targeting 
radioactive iodine waste and proteins using modified inorganic materials. 
Industrial treatment of radioactive waste and safety disposal of nuclear waste is 
a constant concern around the world with the development of radioactive 
materials applications. To address the current problems, laminar titanate with 
large surface area (143 m2 g−1) was synthesized from inorganic titanium 
compounds by hydrothermal reactions at 433 K. Ag2O nanocrystals of particle 
size ranging from 5–30 nm were anchored on the titanate lamina surface which 
has crystallographic similarity to that of Ag2O nanocrystals. Therefore, the 
deposited Ag2O nanocrystals and titanate substrate could join together at these 
surfaces between which there forms a coherent interface. Such coherence 
between the two phases reduces the overall energy by minimizing surface 
energy and maintains the Ag2O nanocrystals firmly on the outer surface of the 
titanate structure. The combined adsorbent was then applied as efficient 
adsorbent to remove radioactive iodine from water (one gram adsorbent can 
capture up to 3.4 mmol of I- anions) and the composite adsorbent can be 
recovered easily for safe disposal. The structure changes of the titanate lamina 
and the composite adsorbent were characterized via various techniques. The 
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isotherm and kinetics of iodine adsorption, competitive adsorption and column 
adsorption using the adsorbent were studied to determine the iodine removal 
abilities of the adsorbent. It is shown that the adsorbent exhibited excellent 
trapping ability towards iodine in the fix-bed column despite the presence of 
competitive ions. Hence, Ag2O deposited titanate lamina could serve as an 
effective adsorbent for removing iodine from radioactive waste.  
Surface hydroxyl group of the inorganic materials is widely applied for 
modification purposes and modification of inorganic materials for biomolecule 
adsorption can also be achieved. Specifically, γ-Al2O3 nanofibre material is 
converted via calcinations from boehmite precursor which is synthesised by 
hydrothermal chemical reactions under directing of surfactant. These γ-Al2O3 
nanofibres possess large surface area (243 m2 g-1), good stability under extreme 
chemical conditions, good mechanical strength and rich surface hydroxyl 
groups making it an ideal candidate in industrialized separation column. The 
fibrous morphology of the adsorbent also guarantees facile recovery from 
aqueous solution under both centrifuge and sedimentation approaches. By 
chemically bonding the dyes molecules, the charge property of γ-Al2O3 is 
changed in the aim of selectively capturing of lysozyme from chicken egg white 
solution. The highest Lysozyme adsorption amount was obtained at around 600 
mg/g and its proportion is elevated from around 5% to 69% in chicken egg 
white solution. It was found from the adsorption test under different solution pH 
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that electrostatic force played the key role in the good selectivity and high 
adsorption rate of surface modified γ-Al2O3 nanofibre adsorbents. Overall, 
surface modified fibrous γ-Al2O3 could be applied potentially as an efficient 
adsorbent for capturing of various biomolecules. 
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Chapter 1 
Literature Review 
 
1. Introduction to Radioactive Ions Removal from Aqueous Solution by 
Titanate Based Adsorbents 
Since the wide application of nuclear energy and nuclear technologies from early 20th century, 
the health and environmental problems caused by nuclear accident and waste have drawn 
ever-increasing attention among the societies around the world [1]. Radioactive wastes 
generated from either nuclear accident or inappropriately treated daily emission that spread 
into the ecosystem would cause long term harm to the lives within [2]. 
1.1 Detriments of Radioactive Wastes 
Generally, radioactive wastes are radioactive materials that are usually the by-products of 
nuclear power generation and other application of nuclear fission or nuclear technology, such 
as research and medical institutions [3]. Substance in nuclear waste like radioactive iodine 
produced from uranium fission can easily dissolve in water and it can put thread to lives and 
this concern of nuclear accident reached the highest level after the nuclear accident at 
Fukushima, Japan in 2011. Dating back, the nuclear accident known as the Chernobyl 
Disaster happened in 1986 at Chernobyl where radioactive iodine was released as the major 
component of radiation and led to 28 fatal cases of acute radiation sickness [4]. Radioactive 
iodine is also widely applied to accurately diagnose and treat thyroid diseases. Consequently, 
the disposal amount of radioactive iodine waste water from numerous medical research 
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institutions is also considerable. Processing and managing these radioactive wastes are of 
great challenge worldwide as it is extremely difficult and costly [5]. 
Radioactive isotopes produced from nuclear fission of fissile nuclides have half-life times 
that differ from days to billions of years. The radioactive isotopes has different number of 
neutrons and thus slightly differ in their mass while due to the similarity of their electron 
structure, their physical and chemical properties are almost identical [6]. Except the harm of 
the long term radiation, the short-lived isotopes are also particularly damaging to human body 
because our body organs (e.g. thyroid’s intake of all kinds iodide) collect and concentrate 
certain radioactive element [7]. It is noteworthy that the wide use of radioisotopes requires 
effective methods to manage radioactive waste, and methods currently under used are 
complex [8]. Therefore, it is important and urgent for us to effectively control and prevent the 
spread the radioactive isotopes and make sure they can be disposed off readily.  
1.2 Removal of Radioactive Ions in Aqueous Solution Using Various 
Adsorbents 
Adsorption is considered an effective approach for remediation of the highly concentrated 
radioactive waste. Generally, radioactive waste adsorbent materials should possess four 
characteristics: 1) Good tolerability to radiation, chemical, thermal, and mechanical stress. 2) 
Irreversible sorption of the radioactive species. This guarantees that the adsorbed radioactive 
ions could not be released from the adsorbents and avoids secondary pollution. 3) Adsorption 
selectivity. It is crucial for the adsorbents since the concentrations of other non-radioactive 
ions that co-exist in contaminated water are often much higher than that of the radioactive 
ones. 4) Practical and cheap sources. Inorganic cation exchangers, like zeolites, titanate-based 
materials, niobium molecular sieves, clay minerals, potassium-depleted micas, layered Zr 
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phosphates and layered sulfide frameworks, have been studied for separating 137Cs+, 90Sr2+ 
and 225Ra2+ from nuclear wastewater and safely disposing the exchanged cations because of 
their ability to withstand intense radiation and elevated temperatures in addition to their high 
ion-exchange capacity [9-30]. However, the progress in developing efficient sorbents for 
removal of the dangerous anions from aqueous environments and immobilizing them for safe 
disposal is limited despite such research is of significant interest in nuclear waste 
management. Most geological materials exhibit small quantity of sorption for anions (i.e. 125I-, 
79SeO32-, 79SeO42-). 
There are several approaches in terms of getting rid of iodine in the aqueous solution [31-37]. 
Lefèvre et al. [32] utilized the ability of copper/cupric compound mixtures to remove iodide 
from solution to predict sorption of radioactive iodine in the environment and to assess their 
use in a nuclear reprocessing method. They proposed that soluble copper released by the 
cupric compound is reduced at the surface of metallic copper, leading to a preferential 
precipitation of CuI on copper surface as shown in the formula below: 
Cu2+ + Cu + 2 I-            2 CuI 
The selectivity between I- and Cl- reported is preferable towards capturing iodine ion but the 
size of the copper adsorbent particle is quite large, resulting in low specific surface area and 
thus, low adsorption capacity.  
To capture radioactive iodide in water solutions, earlier studies have focused on the 
properties of iron sulfide surfaces [38] because of the importance of the latter in sedimentary 
and hydrothermal environments. The relatively high solubility of iron sulfides makes it 
difficult to perform the various mass balance calculations required to identify chemical 
species at the mineral surface. This resulting in surface modification studies at metal sulfide 
surfaces which has been ascribed to a variety of functional group stoichiometries. 
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Balsley et al. [39] utilised the ion exchange abilities between aqueous protons and surface 
sites of Hg on cinnabar (HgS) and bind iodide at the Hg sites via exchange of hydroxyls. The 
Iodide uptake amount is comparable with other materials at its optimum conditions. However, 
when the pH or ionic strength of the adsorptive environment dramatically changes, which is 
likely to happen in real-life circumstances, the iodide adsorption amount would plump and 
adsorbed iodide could fall off as is common for adsorbents based on ionic adsorptive 
mechanism.  
For radioactive I- anion removal from water solution, different compounds containing Bi3+, 
Ag+, Cu+, and Pb2+ cations are used in the removal process to form their iodide precipitation 
or sparingly soluble phases with I- anions [31-34] The precipitates or sparingly soluble phases 
formed on the surface of a compound were then separated from the solution using methods 
like filtration or centrifuge. However, the adsorption capacities of these compounds are 
relatively low and the iodine uptake dynamics is slow. This is mainly caused by the small 
specific surface areas of the substrate.  
To address this problem, Ag+ and Hg2+ cations were loaded onto the surface of natural 
zeolites to capture I- anions from gaseous and aqueous wastes [36, 37]. Despite the large 
surface area, these zeolite adsorbents suffered from slow adsorption kinetic and thus, poor 
efficiency since most of the ion exchangeable cations are located in the cages and channels of 
the zeolite, which are less than one nanometer wide. The time it takes for the cations and 
anions to travel through the narrow passages of the substrate to precipitate is long and such a 
drawback is intrinsic to the microporous structure of the substrates, holding back the practical 
application of the zeolite based sorbents. Moreover, concern is also raised on the potential 
release of radioactive residues from the used sorbents in the case that precipitated particles 
did not bind solidly to the zeolite substrate. 
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Herein, it is reasonable to consider for a support material which possesses large surface area 
and is tolerant to harsh conditions like radiation, strong acid or base.  
1.3 Introduction to Titanate Materials as Radioactive Ion Capturer 
Recently, titanate nanomaterials of various morphologies had been discovered to be a 
potential nuclear waste host for radioactive cations due to their high sorption performance 
and stability to radiation, thermal, and chemicals [40-42]. Titanate-based materials, such as 
crystalline silicotitanate (CST), monosodium titanate (MST), peroxotitanate (PT), sodium 
trititante (T3), and sodium hexatitanate (T6), have been studied and developed as adsorbents 
for radioactive ions from water due to their excellent ion-exchange capacities and good 
stability. These titanate materials are widely used for removal of 137Cs+ and 90Sr2+ now and 
are commercially available. Recently, sodium titanate nanofibers and nanotubes with layered 
structure have been fabricated by hydrothermal method in the presence of concentrated 
aqueous solution of sodium hydroxide (NaOH) [43-47]. The layered structure of sodium 
titanate nanofibers can be converted to microporous tunnel structure of T6 nanofibres simply 
by calcinations and the nanofibre morphology is maintained at the same time [23]. 
Additionally, it has been found that Ag2O nanocrystals can firmly attach onto the outside 
surface of titanate nanomaterials. This phenomenon is due to the similarity of 
crystallographic surface of the titanate nanostructures and Ag2O nanoparticles [24].  
1.3.1 Crystalline Silicotitanate (CST) 
Crystalline silicotitanate is a class of inorganic ion-exchangeable materials with a broad range 
of compositions. They were developed in a collaborative effort between Sandia National 
Laboratories and Texas A & M University [48-50]. The most common CSTs have an ideal 
formula of A2Ti2O3SiO4·2H2O (A = H+, Na+) [14, 51, 52]. They are built up of Ti4O4 cubane-
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like structures linked together by silicate groups in the a and b directions in the form of a 
square with a tetragonal shape. In the c-axis direction, the cubane groups are linked by oxo-
groups to form a framework enclosing tunnels parallel to the c-axis direction. Generally, 
CSTs have an elliptical eight-member-ring (8MR) tunnel structure filled with cations that 
may be easily exchanged by radioactive cations (Figure. 1a). High selectivity for Cs+ is 
observed even in highly alkaline solutions of 1-7 M NaOH and NaNO3 or in severe acid 
environment (pH < 2). The high physicochemical resistance to strong radiation and high-pH 
also makes CSTs capable of high level radioactive waste treatment (for example the 
separation of 137Cs+). Currently, being kept at various U.S. Department of Energy facilities, 
commercial CSTs such as IE910 and IE911 have been recognized as the preferable choice for 
the removal of 137Cs+ from nuclear waste solutions.  
 
Figure 1. (a) View of H-CST 8MR channels along [001]. Only H2O is in the 8MR channels. For the 
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H-CST 8MR, L/S = 1.53. (b) Cross-section view of the H-CST 8MR. H2O Ow2 is in the centre of the 
channels but outside of the 8MR, and Ow1 is along the walls of the channels. (c) View down the (Cs, 
H)-CST 8MR along [001]. The channel dimensions are now equivalent, having L/S = 1. (d) Cross-
section view of the (Cs, H)-CST 8MR window; Cs1 is located in the centre and Cs2 outside of the 
8MR window. (e) Illustration of the double-lever mechanism involving interactions of Cs2 with H2O 
(Ow2) and hydroxyl, as calculated with DFT. Color code: Ti (purple), Si (blue), O (red), H (gray), and 
Cs (yellow). Reprinted with permission from ref. [14]. 
With the assistance of time-resolved X-ray and neutron scattering with theoretical 
calculations, Celestian et al. has proposed a double-lever mechanism to explain the structure 
evolution after the Cs+ exchange by taking H-CST (P42/mbc) as an example [14, 15]. 
Primarily, the Cs+ hydration effect leads to repulsive forces between the Cs+ outside of the 
8MR tunnel (Cs2 in Figure. 1d) and the H2O at the centre of 8MR tunnel (Ow2 in Figure. 1b). 
This causes the H2O site Ow2 to change orientation from pointing toward the centre of the 
8MR to the walls of the tunnel (green arrow in Figure. 1e). Secondly, the hydroxyl groups on 
the framework bend away from their original position in response to the repulsive force 
induced by the approaching H2O (orange arrow in Figure. 1e). The hydroxyl bending would 
cause the rotation of the TiO6 columns and the formation of a new (Cs, H)-CST (P42/mcm) 
structure (Figure. 1c), in which the Cs+ ions are located at the centre of the 8MR tunnel. Two 
important questions are addressed in this study: 1) What is the role of H2O molecule during 
the ion-exchange process; 2) The reason for the good ion selectivity in CST. For example, the 
enhanced selectivity of Nb-substituted CSTs could be ascribed to their circular openings [19, 
53, 54]. 
1.3.2 Monosodium Titanate (MST) 
Monosodium titantate (MST) was first developed at Sandia National Laboratories by Dosch 
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as a radionuclide sorbent [55]. It is a poorly crystalline, layered sodium titanate with an 
approximate chemical formula of HNaTi2O5•xH2O and exhibits high selectivity towards 
adsorption of many divalent metallic ions in both acidic and alkaline waste solutions based on 
ion-exchange. Specifically, MST exhibits high selectivity for 90Sr and alpha-emitting 
radionuclides, principally 238,239,240Pu and 237Np, in highly alkaline solutions [56, 51]. This 
property makes MST an attractive material to purify high level nuclear waste solutions that 
derive from fuel reprocessing operations and nuclear weapon tests. The SRS contractor 
selected MST for use in the In-Tank Precipitation (ITP) process in the early 1980s. However, 
the total loading of the adsorbates, such as Sr2+, Pu4+, NpO2+, and UO22+, is as low as 3.7% of 
the theoretical capacity of MST [20]. This low effective adsorption capacity is ascribed to the 
surface adsorption mechanism of the MST materials. It has revealed that the MST particles 
display typical core-shell structure by using high resolution transmission electron microscopy 
(HRTEM). The adsorbed cations are only located at the fibrous outer region and could not get 
access to the inner glasslike core, which results in the low adsorption capacity. 
Lately, various kinds of peroxotitanates (PTs) were reported having significantly improved 
sorption ability for strontium and actinides in comparison with MST [51, 57, 58]. These PT 
materials share the empirical formula: HvNawTi2O5 (xH2O)[yHzO2] where (v + w) = 2 and z 
ranges from 0 to 2, and they are prepared by adding hydrogen peroxide either during the 
synthesis of MST or through a post synthesis treatment of MST. A family of amorphous PTs 
for optimal adsorption of Sr and Pu were prepared by Nyman et al using three different 
synthetic routes: post-synthesis peroxide treatment of a commercially produced MST, an 
aqueous-peroxide synthetic route, and an isopropanol-peroxide synthetic route. As shown in 
Figure 2, these PT materials present different morphologies under different synthetic 
conditions. More importantly, comparing with the pure MST materials, the PTs possess 
higher specific surface area. For instance, the specific surface area of a sample prepared by 
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aqueous-peroxide route is as high as 251 m2 g-1, which is 10 times higher than that of the pure 
MST. The high surface area of PTs results in the increase in adsorption capacities and kinetics 
for the separation of Sr and Pu from highly alkaline and high-ionic-strength solutions. 
 
Figure 2. Scanning electron micrographs of (A) peroxide-treated MST, (B) peroxo-titanate from the 
isopropanol-peroxide synthesis, (C) peroxotitanate from basic aqueous-peroxide synthesis, and (D) 
peroxo-titanate from acidic aqueous-peroxide synthesis. Reproduced with permission from ref. [58]. 
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1.3.3 Sodium Nanotitanate (SNT) 
Sodium nanotitanates (SNTs) are layered materials with an ideal empirical formula of 
Na4Ti9O20·xH2O. It was developed by researchers from Allied Signal Inc. and Texas A & M 
University [59]. The hypothesized structure of SNT consists of TiO6 octahedral chains linked 
into layers with exchangeable sodium cations located between the layers [60]. Similar to 
MST in structure, SNT typically exhibits low crystallinity and its crystal structure has never 
been accurately determined. Clearfield et al [61] revealed the interlayer distance between the 
TiO6 octahedra is ~ 1 nm by analyzing the XRD pattern of SNT. It has been observed that 
SNT has a large cation exchange capacity and selectivity for removal of Sr2+ ions (little 
preference to radioactive Cs from the extremely alkaline, high-sodium-content streams. In 
detail, the total loading of Sr2+ in the aqueous solution of 5M Na+/0.1M OH- is 33% of the 
theoretical capacity of SNT and this obtained value is much higher than that of MST. 
However, the adsorption performance of SNT is strongly affected by the pH value of the 
solution. In other words, the radioactive Sr2+ ions can only be absorbed by SNT at the neutral 
or alkaline pH levels. In acidic environment, the sodium ions between TiO6 octahedra layers 
are exchanged by protons and SNT converts to proton titantae (H4Ti9O20·xH2O). As the result, 
proton titanate shows little affinity for Sr2+ ions due to proton competition and the size 
difference between hydrogen and strontium compared with that between the sodium and 
strontium. To address this problem, an antimony-substituted titanate is developed and doped 
with different niobium, vanadium, bismuth, or zirconium oxides, with improved selectivity 
for Sr2+ from acidic solutions [62].  Although the SNT adsorbents are capable to function 
efficiently in the presence of excess Na+ ions, the adsorption capacity of Sr2+ by SNT 
decreases precipitously in groundwater containing divalent Ca2+ ions [61].   
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Figure 3. Schematic diagrams of the mechanism of the phase transition process from Na2Ti3O7 to 
Na2Ti6O13. (a) Layered structure of Na2Ti3O7;(b) the structure of a typical transitional phase of 
Na1.5H0.5Ti3O7 calcinated at 473 K; (c) stable zigzag microporous structure of Na2Ti6O13 calcinated at 
573 K; (d) magnification of the selected area (in the circle) of (a), showing the detailed reaction which 
occurred at the corners of the octahedra of Na2Ti3O7 fiber; (e) magnification of the selected area in (b) 
showing the detailed reaction process from Na1.5H0.5Ti3O7 to Na2Ti6O13; and (f) XRD patterns of the 
three titanate fibers with different phases. Red ellipses are to draw attention to the decreased number 
of Na+ cations during the transition. Reprinted with permission from ref. [23]. 
1.4 Nanofibrous and Nanotubular Sodium Titanate Radioactive Ion 
Adsorbents 
Nanofibrous and nanotubular sodium titanates Titanate nanofibres and nanotubes (with 
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chemical formula Na2Ti3O7) possess a layered structure in which TiO6 octahedra are the basic 
structural units and these layers carry negative charges and are approximately two oxygen 
atoms thick with ion exchangeable Na+. These materials can be easily synthesized at low cost 
under hydrothermal conditions [24]. Moreover, they can be easily collected from liquid 
solutions due to their fibrous morphologies. 
1.4.1 Phase Transitions between Titanates and Titanium Dioxide 
Polymorphs.  
There is a balance between titanates and titanium dioxide. Titanium dioxide nanoparticles 
formed from titanate nanofibres can be converted back to sodium titanate by hydrothermal 
treatment with 10 M NaOH [43]. It is found that this reaction proceed at temperatures as low 
as 60 °C. At 150 °C, the products are nanotubes. Similar structures have been observed in the 
literature using titanium dioxides as raw materials [63-65]. In a typical synthesis, the 
optimum synthesis temperature for titanate nanotubes (Figure 4. A) and nanofibres (Figure 4. 
B) is 150 and 180 °C, respectively. When using rutile powder and 10 M of NaOH solution as 
reactants. Titanate nanolamina (Figure 4. C) and nanoflower (Figure 4. D) are synthesized by 
adjusting the synthesis procedure [66]. 
 
 
 
 
A B 
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Figure 4.  Titanate nano structures: A.titanate nano tube with averagely 8 × 100 nm magnitude, B. titanate nanofibre, C. titanate nanolamina and D. titanate nanoflower. Reprinted with permission 
from ref. [24, 66]. 
The phase transitions in Scheme 1 reveal that we can convert any phase of two different 
titanium dioxide polymorphs and titanates into any other phase by simply applying wet-
chemical reactions at low temperatures (close to ambient). For instance, rutile nanocrystals 
could be converted into anatase nanocrystals via sodium and protonated titanates (a route by 
reaction C f reaction E f reaction A). This is particularly noteworthy given that rutile is the 
most thermodynamically stable phase of titanium dioxide and that other TiO2 phases 
eventually convert to rutile at high temperatures, [43] as indicated by reaction F in Scheme 1. 
However, reactive titanate nanoparticles can also be produced from rutile at relative low 
temperatures via the reaction with concentrate caustic soda (Scheme 1, reaction C). Anatase, 
a phase less stable than rutile, is readily produced from the titanate by reacting with dilute 
C D 
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acid solution (Scheme 1, reactions E and A). Such phase transitions via simple wet chemistry 
reactions provide us opportunities to design and produce new materials with delicate 
nanostructures with great control. According to the phase transitions in Scheme 1, one can 
prepare nanostructures of anatase, rutile, and titanates from rutile powder via the wet-
chemical process under moderate conditions. In addition, we found the size of the reactant 
particles in reactions C and D of Scheme 1 exerts considerable influence on the temperature 
of the phase transitions. For instance, coarse rutile particles were used as the reactant, and the 
phase transition to sodium titanate (reaction C) would proceed at relatively higher 
temperature of 170 °C.  
 
Scheme 1. The Phase transitions between sodium- and hydrogen-titanates, anatase, and rutile by the 
wet-chemical process 
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1.4.2 Synthetic Methods for Titanate Nanostructures 
Hydrothermal method has been widely used in the synthesis of metal oxide nanostructures for 
the unique advantages in the synthesis using hydrothermal reaction bomb (Figure 5) Alkaline 
hydrothermal method has achieved a great success in the synthesis of 1D metal oxides 
nanostructure. Compared to pyrochemical method, hydrothermal method is of great 
advantage for the mild synthesis condition and vulnerable parameters. One can adjust the 
synthesis temperature, time, pressure (by external pressure or degree of filling of the 
autoclave), caustic soda concentration, solid-liquid ratio and additives to control the 
properties of product titanate.  
 
 
 
 
 
 
Figure 5. Plan diagram (A) and real module (B) depicting a typical Teflon vessel and out 
layer bomb. 
Thus, hydrothermal synthesis is a promising method because it has many operation 
parameters to control particle size and morphology. A typical proof of the morphology control 
A B 
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is the synthesis of titanate nanotubes. In fact, titanate nanotube is a metastable phase during 
the synthesis of titanate nanofibres by the reaction between TiO2 and concentrated NaOH 
solution.  
1.4.3 Basic Structures of Titanate Nanomaterials 
Very recently, sodium titanate nanomaterials (nanofibres and nanotubes) with various sizes 
and structures have been developed from inorganic titanium compounds by facile 
hydrothermal reactions [67]. These nanomaterials are different from “refractory” mineral 
substances because of their small dimension, 1D morphology, and significant large ratio of 
surface to volume, which offers high reactivity and new opportunities for the entrapment of 
radioactive ions from water. 
Generally, the sodium titanate nanofibres directly obtained from hydrothermal reaction are 
sodium trititanate phase (Na2Ti3O7, noted as T3) [23, 68]. As shown in Figure. 3a, they 
possess a layered structure similar to that of SNT, in which TiO6-octahedra are the basic 
structural units. Each TiO6 octahedron shares edges with other octahedra to form thin zigzag 
layers. These layers carry negative charges and have thickness of approximately two oxygen 
atoms. Na+ ions exist between the layers can be exchanged with other cations. The very thin 
zigzag layers are the most important feature of this material, which account for its properties 
of phase transition and structure deformation under moderate condition. In Na2Ti3O7 
nanofibres, corner oxygen atoms of zigzag layer of TiO6 octahedra form hydrogen bonds with 
water molecules in the interlayer region (Figure. 3a and 3d). When the fibers are calcined at 
473 K, the space between the zigzag layers contracts while Na+ and OH- ions are released 
from the interlayer region, and a transitional phase Na1.5H0.5Ti3O7, noted as T3(H), is 
obtained. In this phase, the corner oxygen atoms in two adjacent layers are linked by protons 
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(Figure. 3b and 3e) rather than water molecules. Heating at a higher temperature of 573 K 
causes further loss of the Na+ and OH- ions, resulting in a stable Na2Ti6O13 phase (noted as 
T6) in which the adjacent layers are linked by sharing the corner oxygen atoms (Figure. 3c). 
The T6 nanofibres of this phase have microporous tunnels along the b direction and the 
exchangeable Na+ ions are located in the tunnels due to the collapsing of the layer (Figure 3). 
In principle, these fibrous nanotitanates are promising adsorbents for the removal of 
radioactive cations from wastewater since these Na+ ions are able to be exchanged by the 
radioactive cations and the thin negatively charged layers that are deformed readily to trap the 
cations.  
1.5 Recent Application of Sodium Titanate Nanomaterials as Radioactive 
Ion Capturer  
It is confirmed that exchangeable Na+ ions are located between the thin layers of TiO6-
octahedra. Once these Na+ ions are exchanged by divalent cations, a structure deformation of 
the layers is caused due to the significant change in electrostatic interaction between the 
cations and the negatively charged TiO6-octahedra layers. It means the radioactive divalent 
cations could be entraped into the nanofibres and are ready for safely disposal.  
1.5.1 Entrapment of Sr2+ and Ra2+ Cations by T3 Nanofibres and 
Nanotubes 
Recently, Yang et al. [23] reported the entrapment of Sr2+ and Ra2+ from water by using T3 
and T3(H) nanofibres, [21, 22] as shown in Figure 6. It is observed that Ba2+ ions have a 
similar ionic diameter to radioactive Ra2+ ions and thus, they show similar ion exchange 
behavior and Ba2+ ions is used instead of highly toxic Ra2+ ions [69]. After the cation 
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adsorption, the fibril morphology was maintained (Figure 6. a and d). The fibrous shape 
enables easy separation of the adsorbent from the solution. The change of the layer has been 
seen from the XRD shown in Figure 6. b and e indicating the positions of the adsorbed Sr2+ 
or Ra2+ cations within the nanofibres. It is observed that the interaction between the divalent 
cations and the negatively charged layers is much greater than that between Na+ ions and the 
layers, and able to cause the considerable deformation of the layered structure. 
 
Figure 6. (a,d) TEM images of T3 and T3(H) nanofibres, respectively, after adsorption of Sr2+ and 
Ba2+ ions. The existence of absorbed cations in the fibers is verified by EDS (see inset in each image). 
(c,d) XRD patterns of the nanofibres before and after the uptake of Sr2+ and Ba2+ ions. The uptake 
induces a deformation of the layers as indicated by changes in the d100 peak. The isotherms of Sr2+ and 
Ba2+ ions adsorption by T3 and T3(H) nanofibres. The vertical axis shows the uptake of radioactive 
cations in meq/g by the adsorbent, while the horizontal axis represents the concentration of the cations 
that remained in solution upon reaching the adsorption equilibrium. Reprinted with permission from 
ref. [ 21] . 
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1.5.2 Entrapment of Cs+ Cations by Titanate Nanofibers and Nanotubes 
Besides the adsorption of divalent Sr2+ and Ra2+ cations, the layered T3 nanofibres and 
nanotubes were utilized to entrap monovalent Cs+ cation. As repoted by Yang et al. [20] and 
shown in Figure 7 a, 80% of Cs+ cations from solutions with Cs+ concentrations up to 250 
ppm (dark blue column) is removed by T3 nanotubes. Cs+ cations can be cleared by more 
than 99% when the concentration is lower than 80 ppm. In comparison, the adsorption 
capacity of T3 nanofibres is much lower than that of the nanotubes as around 36% of the Cs+ 
ions were removed by the T3 nanofibres from solutions at Cs+ concentration of 125 ppm. The 
high saturation adsorption capacity of T3 nanaotubes is ascribed to their large specific surface 
area (~205 m2 g-1) which is 10 times larger than that of the T3 nanofibres. An additional 
characteristic of these layered titanate materials is their rapid uptake. Both T3 nanotubes and 
T3 nanofibres can reach their maximum uptake within 10 minutes. 
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Figure 7. Removal of radioactive Cs+ cations using titanate nanotubes and nanofibres. (a) Removal of 
137Cs+ cations from solutions of different 137Cs+ concentrations by tubular and fibril sodium titanate 
adsorbents. (b) The isotherms for 137Cs+ uptake by tubular and fibril sodium titanate adsorbents. For 
the above adsorption experiments, all of the data points represent the average of triplicate runs with a 
mean variation of less than ±3%. Reprinted with permission from ref. [24]. 
Similar to the entrapment of divalent Sr2+ or Ra2+ cations, structure deformation of the T3 
nanofibers and nanotubes takes place because the uptake of a significant amount of Cs+ ions 
can cause deformation of the titanate layers. 
1.5.3 Deposition of Radioactive I- by Ag2O Nanocrystals Anchored Titanate 
Nanofibers and Nanotubes 
Being a common product of uranium fission, radioactive I- anions can easily dissolve in water 
during nuclear waste leakage. Dating back, leaks of 131I and 137Cs isotopes were detected at 
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Fukushima in 2011. I- anions can readily react with silver oxide (Ag2O) and Ag+ ions to form 
insoluble silver iodide (AgI). So Ag2O can potentially entrap dangerous I- anions of low 
concentrations in water. However, using Ag2O directly for the removal of I- anions is 
impractical as the capacity and dynamics of the removal depend on the specific surface area 
of the Ag2O particles. If the specific surface area is small (large Ag2O particles), the removal 
ability is poor. When very fine Ag2O particles with a large specific surface area are used, the 
removal ability is improved but the separation of the used Ag2O particles from water will be 
extremely difficult and costly. A solution to this problem is to anchor fine Ag2O nanocrystals 
firmly onto a support with a large specific surface area that allows them to disperse 
sufficiently without forming aggregates. Moreover, the support should be of such a 
morphology that can be readily separated from liquid after use. Nanofibres (NFs) and 
nanotubes (NTs) have large surface areas and can be separated from liquid readily by 
filtration or sedimentation because of their one-dimensional (1-D) morphology. Yang et al. 
[24] proposed an composite adsorbent as to anchor Ag2O nanocrystals on the external surface 
of T3 nanofibres (Ag2O-T3NF) and nanotubes (Ag2O-T3NT) to capture the radioactive I 
anions. These Ag2O nanoparticles act as efficient capturers of I- as they are exposed on the 
surface of the fibres or tubes and are thus readily accessible to the anions even in a fast flux. 
It can be seen in Figure 8a that over 90% of 125I- ions can be removed by Ag2O-T3NT at I- 
anion concentration below 500 ppm and Ag2O-T3NF exhibited similar reaction properties. 
The decrease of 125I- ions onto pristine T3 nanofibres and nanotubes was less than 1%, which 
is in stark contrast with that of Ag2O anchored fibres and tubes. These materials show higher 
adsorption capacity than the <1.0 mmol/g values previously reported for conventional 
metallic compound sorbents [32, 35]. The selectivity of these iodine capturer is also note 
worthy as more than 99% (Kd > 1 × 105 mL g-1) of the 125I- anions were taken up by either 
Ag2O-T3NT or Ag2O-T3NF in high concentration of NaCl (0.1 M) This high selectivity is 
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ascribed to the substantial difference in the reaction energy between Ag2O and I- or Cl- ions. 
The reaction energy between Ag2O and I- is -0.32 eV, while the value for Cl- is as high as 
+0.41 eV. The negative reaction energy means that the reaction is exothermic so the reaction 
between Ag2O and NaI is energetically favoured. 
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Figure 8. Removal of radioactive I- anions by titanate nanotubes and nanofibres. (a) Removal of 125I- 
anions from solutions of different 125I- anion concentrations by Ag2O naocrystals anchored titanates. (b) 
The isotherms of 125I- sorption by Ag2O naocrystals anchored titanates. For the above adsorption 
experiments, all of the data points represent the average of triplicate runs with a mean variation of less 
than ±3%. Reprinted with permission from ref. [24]. 
The key issue is to make sure the bonding between the Ag2O nanocrystals and the titanate 
structures is strong enough to stabilize the Ag2O nanoparticles. When the Ag2O nanocrystals 
and titanate structures join at surfaces of crystallographic similarity, then the number of the 
oxygen atoms at the interface, which are shared by the two connecting phases, is maximised 
and full coordination can be achieved. Such coherence between the two phases reduces the 
overall energy of the materials by minimizing surface energy thereby anchoring the Ag2O 
nanocrystals firmly to the surface of the titanate structures. TEM images (Figure 9) shows 
that Ag2O nanocrystals with a size of 5-10 nm were anchored on external surfaces of T3 
nanofibres by dispersing them into an aqueous silver nitrate solution. (Figure 9a) After the 
deposition of I- anions, the Ag2O nanocrystals converted to AgI nanocrystals which are 
slightly larger (~10-15 nm, Figure 9d and 9e) in comparison with the parent Ag2O 
nanocrystals. Figure 9b and 9c show the image of an Ag2O nanocrystal on T3 nanofibre and 
the Inverse Fast Fourier Transition (IFFT) image of the selected area in Figure 9b. The (200) 
planes and orientation   of Ag2O nanocrystals are parallel to the (023) planes and [100] of T3 
nanofibres, respectively. Such coherence between the two phases reduces the overall energy 
by minimizing surface energy and thereby anchoring the Ag2O nanocrystals firmly onto the 
surface of the 1D titanate structures. The coherence is also transmitted to the AgI nanocrystals 
and the 1D titanate structures (Fig. 9e and 9f). This is considered a key issue for adsorbents in 
practical applications because it will be extremely difficult and costly to recover the fine 
nanoparticles from a solution if they readily detach from the fibres or tubes. 
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Figure 9. TEM images of  sodium titanate nanofibres anchored with Ag2O nanocrystals (Ag2O-T3NF) 
and sodium titanate nanofibres coated with AgI nanocrystals (AgI-T3NF), formed by surface 
deposition of I- anions. (a) Typical TEM image depicting the abundant Ag2O nanocrystals (~5-10 nm) 
dispersed on titanate nanofibre. Inset: the selected area EDP of a single nanofibres. (b) HRTEM image 
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of an Ag2O nanocrystal. Inset: a FFT image of the selected area. (c) IFFT image of the selected area in 
(b). Inset: EDS spectrum of the composite nanofibres. (d) TEM image of numerous AgI nanocrystals 
(~10-15 nm) formed on a single titanate nanofibre. (e) HRTEM image of an AgI nanocrystal. Insets: 
the FFT image of the selected area and the EDS of the AgI nanocrystals on titanate nanofibres. (f) 
IFFT image of the selected area in (e). Reprinted with permission from ref. [24]. 
1.6 Gap in Knowledge 
To obtain nanomaterial is not the end of the synthesis process. Based on the understanding of 
the structure, there is a lot can be done toward modifying the structures and adjusting the 
physical and chemical properties. This provides us a possibility that we may attach or deposit 
desired nanocrystals firmly on the titanate nanofibres and nanotubes, or even other nano-
titanate with morphology such as titanate nano-pellets. One of the examples is that depositing 
Ag2O nanocrystals on the titanate nanofibres.  
Environmental contaminations caused by trace amount of radioactive ions sometimes are 
serious threat to the health of a large population. At present, titanate nanostructure adsorbents 
possess high adsorption capacity, kinetics, irreversibility, and selectivity. These superior 
properties stem from the structural features such as thin zigzag layers, 1D morphology and 
their lattice planes that enable the formation of the coherent interface with Ag2O nanocrystals. 
In future, more studies should focus on aspects in terms of enhancing the adsorption 
capacities of the titanate nanofibres and nanotubes in acid solution and to replace the costly 
Ag2O nanocrystals with other inexpensive compounds for the entrapment of radioactive 
anions. Lastly, attempts can be made to develop a general adsorbent which can capture both 
cation and anion from a same solution. 
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1.7 Introduction to Biomolecule Adsorption 
The adsorption of biomolecules such as protein, peptide and DNA plays an important role not 
only in various fundamental biological phenomena, [70, 71] but also in different 
biotechnological applications [72-76] like biosensors, protein separation, drug delivery, 
biocatalyst and artificial biomaterials, etc. [77]. Protein adsorbing to a solid surface is 
considered as common but very complex phenomenon [78]. However, a comprehensive 
explanation of the mechanism of protein adsorption is not yet established despite 
considerable recent advances in the field of protein adsorption [79].  
Protein adsorption to solid surfaces is a widely found process which has tremendous impact 
on our everyday life. Explaining the mechanism of protein adsorption and manipulating this 
process is crucial for the understanding and designing in biological science, medical 
engineering and food processing [80]. For instance, the immobilization of proteins on 
medical implants is important for medicine functionality and protein or peptide adsorption on 
nanoparticles could be used in drug or nutrient delivery system [81]. In biology, it is the first 
step in biological processes such as trans membrane signaling or the blood coagulation 
cascade [82, 83]. Protein adsorption is the key factor for a proper vascularization on artificial 
tissue scaffolds [84]. However, biomedical implants that are in contact with the blood stream 
protein adsorption can lead to thrombosis [85]. In addition, protein adsorption can trigger 
adhesion of particles, bacteria or cells that are possibly promoting inflammation cascades, or 
fouling processes [86]. What is more, nonspecific protein adsorption on sensor, protein chips, 
or assay platforms is a serious problem degrading the analytical performance of the device in 
the field of analytical sciences [87]. It can be almost certain that wherever proteins come into 
contact with a solid interface they would most likely to adsorb on it [83].   
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In light of these seemingly incontrovertible facts, a full-and-quantitative understanding of 
absorptive mechanisms on the solid surfaces is critical for prospective biomaterials design in 
advanced medical devices. If the mechanisms of biomolecule response to materials are 
obscure, the subsequent structure-property relationships would not be able to established, 
leaving biomaterials development dependent on design-directed or trial-and-error approaches 
[88]. When adsorption of certain protein is observed on solid surface, some important 
questions arise: 
• Why and how do proteins adsorb? 
• How do the proteins behave as individual molecules or in an ensemble when they 
adsorb? 
• What general mechanistic rules can adhere to protein adsorption phenomena? 
•  Will the biological function of the proteins be influenced after adsorption? 
 
Scheme 1. General scheme showing protein adsorb onto a solid surface by adjusting its shape. 
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Comparing with small molecules that behave like rigid particles, most proteins are considered 
large molecules and they do not simply attach to or detach from an interface with certain 
adsorption and desorption probabilities. Instead, the complex composition and structure of 
proteins causes by far more exciting phenomena such as structural re-arrangements, changing 
surface affinities during the adsorption, positive cooperative effects, size exclusion effects, 
overshooting adsorption kinetics, or surface aggregation (Scheme 1.)  [79]. Overall, it is 
important and fundamental to carry out a profound study in terms of interaction between 
biomolecules and solid surfaces.  
 
1.8 Project Aim 
Primarily, this research will focus on the synthesis, characterization and modification of 
various inorganic materials and apply them in adsorption tests targeting different adsorbates. 
As a major concern in radioactive waste treatment, radioactive iodine adsorption on Ag2O 
stabilised titanate materials is to be conducted while comparing the overall performance with 
its titanate adsorbent counterparts. The aim of the first project presented in chapter 2 is to 
address the current problems in radioactive iodine adsorption like low adsorption amount and 
long adsorption time that could hinder its practical applications. Therefore, an efficient 
radioactive iodine adsorbent with high adsorption capacity, fast adsorption kinetics, good 
selectivity, easy recovery access and excellent tolerability to the adsorption environment is to 
be developed. 
As above mentioned, inorganic materials are well recognized for possessing properties like 
thermal stability, stable in acidic and basic surroundings and outstanding mechanical strength. 
More importantly, these materials are usually non-toxic to bio-tissue and can be easily 
synthesized into various morphologies. To expand their application and address the problems 
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in the field of biomolecule separation and purification, application of modified γ-Al2O3 
nanofibre in a different adsorption system is presented in chapter 3 concerning protein 
adsorption and enrichment. Specifically, current problems like high resistant pressure 
generated during chromatographic separation due to the viscous characteristic of most 
biomolecules and undesirable selectivity of the target protein in the bio-tissue will be 
discussed and addressed.  
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Chapter 2 
Removal of Radioactive Iodine from 
Water Using Ag2O Grafted Titanate 
Nanolamina as Efficient Adsorbent 
 
2.1. Introductory Remarks 
In this chapter, a novel Ag2O nanoparticles grafted laminar titanate is introduced for 
radioactive iodine removal from aqueous solutions. Currently, radioactive waste adsorbents 
based on ion exchange and physical adsorption mechanisms usually face problems like low 
adsorption efficient, i.e. despite the high adsorption amount reported on some adsorbents, it 
takes long time to reach adsorption saturation. For precipitation method, apart from being 
costly, it is usually applied to deal with waste water of high pollutant concentration but not 
quite efficient for low concentration aqueous waste. Moreover, it usually faces recovery 
issues with the captured pollutants. These drawbacks could restrict the application of 
adsorbents in real-life waste water treatment.  
Grafting Ag2O nanoparticles onto the surface of titanate nanolamina could effectively address 
the above problems when used in capturing of radioactive iodine from aqueous solution. The 
adsorption amount of the adsorbent reached as high as 3.4 mmol g-1 and it only takes less 
than 30 min to reach the adsorption saturation. The recovery of adsorbents, desorption and 
secondary pollution in the adsorption system are considered as crucial factors in adsorbent 
application. Fortunately, the surface of the titanate lamina is similar with that of Ag2O 
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nanocrystals in crystallographic structure so the deposited Ag2O nanocrystals and titanate 
substrate can join together at these surfaces, forming a well-matched phase coherent interface 
between them. Such coherence between the two phases reduces the overall energy by 
minimizing surface energy and anchors the Ag2O nanocrystals firmly on the external surface 
of the titanate structure. Lastly, the Ag2O titanate composite adsorbent can be recovered 
easily for safe disposal and the preferable interaction between Ag2O and I- guarantees good 
adsorption selectivity towards the target iodine pollutant.  
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Chapter 3  
Selective Capturing of Chicken Egg 
White Lysozyme by Dye Grafted γ-
Alumina Nanofibre 
3.1 Introductory Remarks 
The adsorption of bio-molecules such as protein, peptide and DNA plays an important role 
not only in various fundamental biological phenomena, but also in different biotechnological 
applications. In light of these seemingly incontrovertible facts, a full-and-quantitative 
understanding of absorptive mechanisms on the solid surfaces is critical for prospective 
biomaterials designs. Lab synthesized γ-Al2O3 nanofibres have large surface area, non-
toxicity towards bio-tissues and rich surface hydroxyl groups that can be used for surface 
modification. These features made γ-Al2O3 nanofibres suitable for playing the role of 
substrate in protein enrichment. Among the wide range of target proteins, lysozyme is widely 
found in chicken egg white and currently used as a safe antibacterial agent, infections and 
ulcers treatment drug. What is more, its application in anticancer drug and HIV infection 
treatment has also been exploited. In the biological system of chicken egg white, lysozyme 
has a distinctive isoelectric point (IEP) comparing with other proteins and this property can 
be exploited for its enrichment, i.e. the surface of adsorbent substrate could be tailored to 
meet the requirement of capturing lysozyme while excluding the other proteins in the system. 
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Dye molecules with different charge properties could be chemically grafted on the surface of 
γ-Al2O3 nanofibre for lysozyme adsorption. Consequently, surface modified substrates 
present distinctive adsorption performances due to the grafted functional groups of different 
molecules. The results from adsorption behavior under various conditions could provide 
comprehensive clues of the adsorption mechanism. On the other hand, the use of fibrous γ-
Al2O3 substrate could remit the resistant pressure in chromatographic adsorption of the 
proteins due to the morphology caused void structure. In all, the used of dye modified γ-
Al2O3 nanofibre adsorbent provides a new approach for selective protein adsorption and 
purification in large scale.  
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Abstract 
Nanoscale γ-Al2O3 fibrous material is converted via calcinations from boehmite which is 
synthesized by mild chemical procedures under directing of surfactant. These γ-Al2O3 
nanofibres possess large surface area, good stability against harsh chemical conditions, 
preferable mechanical strength and rich surface hydroxyl group making it an ideal candidate 
as industrialized column separation stable phase and its fibrous morphology also guarantees 
facile recovery from aqueous solution. The surface charge property of γ-Al2O3 is modified by 
grafting dye molecules in order to selectively capture lysozyme from chicken egg white 
solution at room temperature. Lysozyme proportion is enriched from chicken egg white 
solution which is its largest source in industrial manufacture and the highest Lysozyme 
adsorption amount was obtained at around 600 mg/g. This adsorption capacity is relatively 
high comparing with other reported lysozyme adsorbent materials. Large surface area of the 
alumina substrate and electrostatic force played the key role in the high adsorption rate of 
surface modified γ-Al2O3 nanofibre adsorbents. Overall, surface modified fibrous γ-Al2O3 
could serve potentially as an efficient adsorbent material for capturing biomolecules. 
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1. Introduction 
The adsorption of biomolecules has been extensively studied for decades. It has already been 
found that the adsorption of biomolecules could be affected by adsorptive environmental 
properties such as pH, temperature, composition of the solvent and ionic strength, or by 
protein properties like hydrophobicity, charge, shape and size [1-4]. It also appears that the 
adsorption mechanism depends strongly on adsorbent surface characteristics. [5] For 
polymeric surfaces, it seems like hydrophobic interactions play the major part, [6] while 
adsorption on materials like gold, magnetic particles, diamond nanocrystals or silica is 
probably driven by electrostatics [7]. Compared with the isolation of DNA, the isolation of 
proteins from natural tissues is usually more complex and delicate due to the differences in 
their chemical and physical characteristics created by the variance of their amino acid 
composition and sequence [8]. The individual biological and chemical properties of proteins 
are exploited in their adsorption and purification. During protein adsorption, chemical 
properties of protein like solubility in salt solution, charge, size, hydrophobicity and 
biological affinity are primarily considered [5]. However, in most cases, the adsorption of 
biomolecules is driven by the combination of more than one factor and a detailed 
understanding of the differences in adsorption behavior is yet to be achieved. 
 
1.1 Practices on Adsorption of Different Proteins 
 
To study the performance of the adsorbents and adsorption mechanism of protein molecules, 
various target proteins are applied such as human serum albumin (HSA), [9] trypsin, [10] 
ovalbumin, [11] bovine haemoglobin, [12] peptide [13] and lzsozyme. [14] For bioengineers, 
lysozyme is widely chosen in protein adsorption studies. This inexpensive, small (129 
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residues), and globular protein is convenient to use in both experimental and theoretical 
studies since it is one of the first proteins to have its three-dimensional structure revealed [15]. 
  
1.2 Adsorption of Lysozyme as Target Protein 
 
 Lysozyme (EC3.2.1.17), also known as mucopeptide N-acetyl-muramoylhydrolase, is a 
strongly basic protein that can be richly found in hen egg white. It has a molecular weight of 
14,100 ± 500 Da, appearing to be a stubby prolate ellipsoid of rotation, with a maximum 
length of 90 Å and a minimum equatorial diameter of about 18 Å depending on the degree of 
hydration assumed [16]. Lysozyme found in chicken egg white has an isoelectirc point of 
10.7 which is distinctively higher than other proteins in the mixture (Table 1.). This globular 
enzyme (4.5 × 3.5 × 3.5 nm) presents bacteriostatic, bacteriolytic, and bacteriocidal activity 
and it is also known as a hydrolase that cuts the β-1-4 glycosidic bond [5]. Based on its 
functionalities, lysozyme is currently used as a safe antibacterial agent in food industry. In 
pharmacological technology, it is applied as a drug for treatment of infections and ulcers. 
What is more, future application of lysozyme as an anticancer drug and in the treatment of 
HIV infection has also been exploited [17]. 
Table 1. Component, percentage, IEP and molecular weight of proteins in hen egg white [18].  
Protein Percentage in Albumin 
Proteins (%) 
Isoelectric Point  
(IEP) 
Molecular Weight 
(kDa) 
Ovalbumin 54 5.1-5.3 42.4 
Ovalbumin Y  5.3-5.5 53.4-54.3 
Ovotransferrin 12 6.2-6.7 85-75 
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Ovomucoid 11 5.0-5.3 37.2-43.1 
Ovomucin 3.5 4.5-5.0 5500-8300 
Lysozyme 3.4 10.7 14.3 
Ovoglobulin G2 4.0 5.5 30-45 
Ovoglobulin G3 4.0 4.8 N/D 
Ovoinhibitor 1.5 6.2-6.4 69.5-63.6 
Ovoglycoprotein 1.0 5.0-5.4 37.2-43.1 
Ovoflavoprotein 0.8 5.0-5.2 37.4-40 
Ovomacroglobulin 0.5 4.5 769 
Cystatin 0.05 6.1 17 
Avidin 0.05 10 68.3 
 
1.3 Designs of Lysozyme Adsorbents 
 
To effectively purify lysozyme from its mixture systems, various materials are being applied 
to carry out lysozyme adsorption and separation. Metal-chelated materials are considered an 
effective approach for selectively capture of lysozyme molecule in a bio-tissue [19]. For 
instance, different metal ions (Zn (II), Cu (II), Ni (II)) were chelated with ligand, i.e. 
Cibacron Blue F3GA, which is bonded to the hollow fibre membranes. Fe (III) is also 
immobilized on collagen fiber for adsorption of lysozyme as reported [20]. The purification 
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of lysozyme from chicken egg white was performed and the purity of lysozyme collected 
was >99% with the recovery extent of 70.5% at Fe-collagen adsorbent.  
What is more, zeolite, [21] hydroxyapatite, [22, 23] polystyrene, [22] chitosan, [24] poly(2-
hydroxyethylmethacrylate)(pHEMA), [25] silica, [26] were chosen as adsorbent substrate. 
However, when being applied to chromatography as the stationary phase, these membrane 
and porous materials often have different drawbacks like slow adsorption process, expensive, 
generation of high resistant pressure and low reproducibility [17]. Different dyes molecules 
were also coupled to various bead-based matrices, such as dextran, [27] agarose, [28] 
polyacrylamide, [29] glass [30] silica, [31] and cellulose [32]. However, the adsorption 
capacities of these materials are often low due to the small surface area of the substrate.  The 
use of these adsorbents is also limited by the compressibility of the soft gels at high flow 
rates, the high pressure drops for small size beads and the mass-transfer limitation due to the 
internal diffusion.  
In protein purification technology, dye-ligand chromatography has been given considerable 
attention, both for laboratory and industrial separations, since it assures high specificity, 
purity and recovery in a single chromatographic step. The reactive dyes contain polar and 
non-polar groups which can interact with proteins by means of hydrophobic and electrostatic 
forces simultaneously [33]. Reactive dye compounds could bind proteins with high affinity. 
However, the binding capacity and specificity varies between different dye compounds. The 
types of proteins that are capable of binding to the various reactive dyes are obscure and most 
studies have concentrated on the use for purification of specific protein [34].  
For the past decade, many fibrous oxides have been reported [35, 36] among which alumina 
nanofibre is now being comprehensively studied and used as an efficient support for 
development of functionalized materials [37]. These fibrous materials are easily synthesized 
in the lab by hydrothermal reaction. After converting from boehmite nanofibre to γ-Al2O3 by 
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calcinations at 773 K, the γ-Al2O3 nanofibres become very stable in either basic or acidic 
surroundings. Meanwhile, it possesses large specific surface area (242 m2 g-1) which enables 
more contact opportunity in the reaction system and this contact is particularly crucial for 
adsorption procedure. Compared with porous materials which also have considerable specific 
surface area, the voids formed between interconnected fibres  are much larger than the pores 
in the porous materials (e.g. clay based materials or mesoporous solids), giving adsorbates 
more effective approach to the adsorbent surface and a higher flow rate can be obtained 
during the adsorption (Figure 1) [37].  
 
Figure 1. Schematic graph of irregularly situated fibres holding lysozyme molecules in 
dynamic adsorption 
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2. Experimental Section 
2.1 Materials 
Lysozyme (Chicken egg white, EC 3.2.1.7) was supplied from Sigma Chemical Co. (St Louis, 
MO, USA) and used as received. Reactive blue 5, Rrocion red MX-5B and Reactive brown 
10 was obtained from Sigma-Aldrich (Warrington, USA) and used without further 
purification. All other chemicals were of analytical grade and were purchased from Sigma-
Aldrich.  
 
2.2 Preparation of γ-Al2O3 Nanofibres 
The γ-Al2O3 nanofibres were prepared as follows: 18.8 g of NaAlO2 (0.2 mol of Al) was 
dropped into 50 mL of 5 N acetic acid solutions with vigorous stirring. The white precipitate 
was recovered by centrifugation and washed with deionized water four times to remove the 
sodium ions (pH=4–5). PEO surfactant (40 g), with a general chemical formula C12–14H25– 
29O (CH2CH2O)7H and average molecular weight of about 508, was mixed with the washed 
aluminum hydrate cake. The sticky mixture was stirred for 4 h and then transferred into a 
closed autoclave and kept in an oven at 373 K. The autogenous pressure in the closed 
autoclave was about 1 atm. Fresh aluminum hydrate precipitate (prepared as described above 
and contain about 0.2 mol of Al(OH)3) was added into the autoclaved mixture every 2 days. 
Accordingly, the molar ratio of Al(OH)3:PEO:H2O changed to 0.4:0.08:6.4, 0.6:0.08:9.6, and 
0.8:0.08:12.8, respectively, after 2, 4, and 6 days (post adding precipitate). The sample 
formed after 8 days displays typical fibrous morphology and has a crystal phase of boehmite. 
The obtained boehmite fibers were converted to γ-Al2O3 nanofibers by calcination at 773 K. 
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2.3 Dye Modification of the Nanofbres 
 
2g of nanofibrous alumina supports were mixed with 50 ml deionised water and 25 ml 
ethanol in 100 ml glass bottles and dispersed by sonication for 15 min. Then, 1g of dyes 
(Reactive blue 4 / Procion red MX-5B / Reactive brown 10) was slowly added to the mixture 
under stirring. Dyes were fully dissolved by stirring under room temperature for 1 hour. 
Afterwards, the glass bottle is sealed and heated at 80 ℃ in an oil bath under vigorous stirring 
for 6 hours. Lastly, dye modified samples were collected by centrifuge (4200 rpm, 10 min) 
and washed with deionised water until the supernatant became clear. Dye modified samples 
are collected and dried in vacuum at 60 ℃ for 24 hours. 
 
2.4 Adsorption Equilibrium Isotherm 
For each adsorption test, 25 mg of adsorbent is mixed with 25ml lysozyme aqueous solution 
of different concentrations (50-1100 ppm) in a 50 ml centrifuge tube. Then, the Tubes are 
horizontally placed on a shaking bed, gently shaked at room temperature until adsorption 
saturation (6 hours). Afterwards, centrifuge tubes are centrifuged to separate the dye grafted 
fibrous adsorbents from the solutions by spinning at 4200 rpm for 5 min. The supernatant is 
collected and tested by HPLC (Agilent Technologies) with mobile phase of 40% acetonitrile 
and 60% water with 1% TFA (Trifluoroacetic acid) using column (Agilent, ZORBAX 
300SB-C8 5um, 4.6 x 150 mm).  Lysozyme concentration was determined by peak area and 
converted to concentration from a calibration line with R-square value of 0.9998. 
The amount of lysozyme adsorbed onto the magnetite nanoparticles was calculated by using 
the following equation: 
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𝑞 = 𝑉(𝐶𝑜 − 𝐶𝑒)
𝑚
 
 
Where q is the amount of lysozyme adsorbed onto the fibrous materials (mg/g); Co and Ce 
are the concentrations of the lysozyme in the initial solution and in the supernatant phase 
after adsorption, respectively (mg/mL); V is the volume of the lysozyme solution (mL); m is 
the mass of the adsorbent (g). 
 
2.4 Adsorption Kinetics  
 
25 mg of adsorbent is mixed with 500 ppm 25ml lysozyme aqueous solution in a 50 ml 
centrifuge tube. The tubes were shaken mixed for different time (15 min, 30 min, 1 h, 2, 4h, 
8h, and 12h) Afterwards, adsorbents are centrifuged to separate the dye grafted fibrous 
adsorbents from the solutions by spinning at 4200 rpm for 5 min. The supernatant is collected 
and tested by HPLC (Hewlett Packard, series 1100) with mobile phase of 40% acetonitrile 
and 60% water with 1% TFA using column (Agilent, ZORBAX 300SB-C8 5um, 4.6 x 150 
mm).  
 
2.4 Selective Adsorption of Lysozyme from Chicken Egg White 
 
Chicken egg white was separated from fresh eggs and diluted to 50% (v/v) with phosphate 
buffer solution (50 mM, pH=7.0). The diluted egg white was mechanically agitated in an ice 
bath for 6 hours at 200 rpm, and then centrifuged under 12,000 rpm for 15 min. The 
supernatant fluid was diluted again by above phosphate buffer solution, filtered by filter 
paper and used as the source of protein mixture [38]. The selective adsorption condition is 
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performed same as with adsorption isotherm test and the concentration of different proteins 
was determined by HPLC (Agilent Technologies, ZORBAX 300SB-C8 5um, 4.6 × 150 mm). 
The gradient run was performed as 20% B phase (acetonitrile, 1 wt% TFA) to 40% in 3min, 
and keep 40% B phase for 5min. lastly, raise the B phase proportion to 60% in 5min where A 
phase is HPLC grade H2O with 1 wt% TFA. 
 
2.5 Characterization 
 
The γ-Al2O3 and dye grafted γ-Al2O3 were characterized by powder X-ray diffraction (XRD). 
XRD patterns of the sample powder were recorded on a Philips PANalytical X’pert pro 
diffract meter equipped with graphite monochromator. Cu Kα radiation and a fixed power 
source (40 kV and 40 mA) were used. The XRD data were collected over a 2θ range between 
3.5° and 75°, at a scanning rate of 2.5°/min.  The TEM study on the samples and the HRTEM 
investigations were carried out on a FEI Tecnai F20 operating at 200 kV. The specimens 
were deposited onto a copper microgrid coated with holey carbon film. IR spectra were 
obtained via Nicolet 380 FT-IR in the wavelength range of 4000-500cm-1, at resolution of 4.  
Zeta potential test was carried out on Varian Fast-Atomic Absorption spectrometer 
(SpectrAA 220FS) and titration pH range was from 10 to 3 Using 0.1M NaOH, 0.1 M HCl 
and 0.01 M HCl as titrants. Thermal decomposition of the samples was carried out in a high-
resolution thermogravimetric analyzer (TA Instruments, series Q500) instrument in a flowing 
nitrogen atmosphere (60 cm3/min). Approximately 10 mg of specimen underwent thermal 
analysis, which was heated at a rate of 5 K/min to 1200 K. Contact angles of the dried dye-
ligands immobilised γ-Al2O3 samples were measured by sessile drop method at 25 °C by 
using a digital optical contact angle meter CAM 200 (FTA 200). Both the left- and right-
contact angles and drop dimension parameters were automatically calculated from the 
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digitalized image. Lastly, N2 adsorption-desorption isotherm and pore size distribution were 
obtained by Micromeritics TriStar II surface area and porosity analyser. 
 
3. Results and Discussion 
3.1 TEM 
From the TEM image of γ-Al2O3 nanofibres, it can be observed that the single fibre has an 
average size of 5 × 60 nm. The fibres are irregularly laid on each other forming a net 
morphology. These mesoporous voids (Figure 2.) were caused by the unique fibrous 
morphology of the γ-Al2O3 nanofibre and it will permit relatively high flow rate comparing 
with spherical beads [37]. Numerous interconnected mesoporous interparticle voids (10–20 
nm) were found in the aggregation of randomly oriented nanofibres. These interconnected 
mesoporous voids are important for the enhancement of the adsorption ability towards 
biomolecules since they could allow the sticky bio tissue to pass through easily. 
 
 
 
 
 
 
 
Figure 2. TEM image of γ-Al2O3 nanofibres 
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3.2 IR and XRD 
The parent γ-Al2O3 and dye grafted γ-Al2O3 samples are measured by IR and XRD 
techniques.  IR spectra consist of two main regions (above 1500 cm-1 and below 1500 cm-1) 
and the IR characteristic peaks of reactive dyes falls into both regions: (1) above 1500 cm-1 
there are absorption bands that can be assigned to individual functional groups, while (2) the 
region below 1500 cm-1, also known as the fingerprint region, contains many bands and 
characterizes the molecule as a whole. [58]  
 
 
 
 
 
 
 
 
 
 
Figure 3. Comparison between IR spectra of γ-Al2O3, dye grafted γ-Al2O3 and dyes (A γ-
Al2O3-blue dye series, B γ-Al2O3-red dye series and C γ-Al2O3-brown dye series ) and XRD 
patterns of parent and dye grafted γ-Al2O3 is shown in D. 
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it can be seen from IR spectra (Figure 3. A, B, C) that most of the characteristic peaks of dye 
molecules were detected after grafting on alumina nanofibres. However, the IR peak around 
1720 cm-1 (amide I: C=O) (Figure 3. A, γ-Al2O3-blue: 1725 cm-1, B, γ-Al2O3-red: 1735 cm-1 
and C, γ-Al2O3-brown: 1713 cm-1 respectively) disappeared after grafting on the alumina 
nanofibres.  
 
 
 
      
                      Reactive blue 4                                               Procion red MX-5B 
 
 
 
 
                     Reactive brown 10 
 
Figure 4. Molecular structures of the applied dye molecules 
 
According to other studies on dyes via IR technique, [40] the IR bands between 1870-1550 
cm-1 are assigned to C=O, C=N or N-H band of unsaturated aliphatics, aromatics, acid halides, 
aldehydes, amides and amio acides (Table 2).  Therefore, there is a high possiblity that N-H 
group of the dyes have reacted with the surface hydroxyl group of the alumina nanofibre 
forming a -N-Al- bond and thus the original N-H bond was destroyed. Other peaks in the 
range of 1650-1550 cm-1 are observed in all three dyes have shifted to larger wavelength after 
the dye grafting on the γ-Al2O3 support.  
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The bands around 1410-1550 cm-1 in the dye grafted samples were observed in the spectrum 
which is ascribed to the ring stretch of triazine within the dye molecule. (Figure 4.) Peaks 
observed around 1025-1080 cm-1 and 1120-1230 cm-1 were in correspondence with 
aromatics-SO-3 groups in the dye molecules. The presence of this band in the dyes grafted γ-
Al2O3 samples indicates that -SO3 groups in the dye molecule did not react with the surface 
hydroxyl group or with other functional groups on the dye molecule. The above facts have 
proved that the water soluble dyes have been grafted onto the surface of γ-Al2O3. 
 
Table 2. Possible functional groups and compounds presented in dye molecule [41]. 
Region (cm-1) Group Possible compound present 
3700-3100 -OH 
-NH 
-CH 
Alcohols, aldehydes, carboxylic acids 
Amides, amines 
Alkynes 
3000-2800 -CH, -CH2, -CH3 Aliphatic groups 
1870-1650 C=O Acid halides, adldehydes, amides, amino acids, 
anhydrides, carboxylic acids, esters, ketones, 
lactams, lactones, quinies 
1650-1550 C=C, C=N,NH Unsaturated aliphatics, aromatics, unsaturated 
heterocycles, amides, amines, amino acids 
1550-1300 NO2 
CH3 and CH2 
Nitro compounds 
Alkanes, alkenes, etc. 
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1300-1000 C-O-C 
C-OH 
S=O,P=O, C-F 
Ethers, alcohols, sugars 
Sulphur, phosphours and fluorine compounds 
1000-650 =C-H 
-NH 
Alkenes and aromatics compounds 
Aliphatic amines 
800-400 C-halogen 
Aromatic rings 
Halogen comounds 
Aromatic compounds 
 
The XRD patterns of parent γ-Al2O3 shown in Figure 3. D presents that the substrate γ-Al2O3 
is not well crystallized. This is because when converted from boehmite (AlOOH) to γ-Al2O3 
under calcinations, the nanocrystallite boehmite will change to γ-Al2O3 which processes 
polycrystalline structure [36]. After grafted with different dyes, the combined γ-Al2O3 
nanofibres still show typical γ-alumina phase which is same as their inorganic parent 
substrate. It can be concluded that the grafting of dyes onto the surface of γ-Al2O3 did not 
affect the crystal structure of the nanofibre substrate. 
 
3.3 Adsorption Equilibrium Isotherm 
Various works from other researchers [1-4] showed the adsorption of lysozyme could be 
affected by several factors including pH, ionic strength, hydrophilcity and temperature and it 
is said that the adsorption mechanism is usually more than a single factor. In this work, 
lysozyme adsorption isotherm was carried out under fixed temperature and ionic strength. It 
can be clearly observed that the lysozyme adsorption ability of parent γ-Al2O3 and dye 
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grafted γ-Al2O3 differ according to the change of pH in the adsorptive environment. At pH=5 
(Figure 5, A), There is only tiny amount of lysozyme adsorbed on the parent γ-Al2O3 
nanofibre (~10 mg/g) while the adsorption amount of dye grafted γ-Al2O3 performed 
preferably higher adsorption capacity under the same adsorption condition. Among them, γ-
Al2O3-brown tops all the others with 133 mg/g adsorption capacity where γ-Al2O3-blue and 
red was at the level of around 100 mg/g.  
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Figure 5. Adsorption isotherm of lysozyme at different pH buffer solution of pH=5 (A) and 
pH=7 (B) on γ-Al2O3 and dye grafted γ-Al2O3 nanofibrous materials. 
When the pH of the adsorption environment is adjusted at 7 (Figure 5, B), the adsorption 
amount of lysozyme is increased tremendously for all the γ-Al2O3 and dye grafted γ-Al2O3 
samples. However, the adsorption amount did not follow the order under pH=5 as in Figure 5. 
A. In pH=7 phosphate buffer environment, γ-Al2O3-blue possessed the highest adsorption 
amount of 603 mg/g followed by γ-Al2O3-brown (469 mg/g) and γ-Al2O3-red (391 mg/g). 
Interestingly, pure parent γ-Al2O3 also turned into a lysozyme capturer under pH=7 having 
251 mg/g of adsorption ability.  
Looking into the adsorptive difference of parent γ-Al2O3 material under pH 5 and pH 7, (from 
10mg/g to more than 200 mg/g adsorption amount) it can be speculated that surface charge of 
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both lysozyme and γ-Al2O3 adsorbent does play a role in the adsorption procedure. However, 
when dye grafted γ-Al2O3 is applied, the variance brought by modified surface should be put 
into consideration. For instance, the amount of dye attached onto the solid fibre surface, the 
functional group involved in the organic dyes and surface charge caused by the dyes.  
3.4 Adsorption Kinetics  
The time it takes for adsorbents to reach adsorption saturation is influence by the 
environment and adsorbent properties [20]. It can be seen from Figure 6 that the adsorption 
equilibrium of lysozyme adsorption is reached within a short period of time (1 hour) and an 
equivalent of around 85% of maximum adsorption capacity was obtained within 30 min. 
Therefore, γ-Al2O3 based dye functionalised nanofibrous materials are proved to be quite 
efficient for capturing lysozyme. This is attributed to the large surface area and the special 
inter-fibre structure of the nanofibres which provides easy and sufficient opportunities for 
target molecules to reach and interact with the adsorbents. For adsorption isotherms tests in 
Figure 5, the time is chosen at 6 hours to guarantee a sufficient adsorption. 
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Figure 6. Dynamic adsorption of lysozyme on γ-Al2O3 and various dye grafted γ-Al2O3 at pH 
7. 
3.5 Quantification of Dye Amount on γ-Al2O3 Surface 
Th e weigh t lo ss o f dye grafted  γ-Al2O3 is calculated from decrease of mass percentage 
obtained from the TGA spectra as shown below. (Figure 7) The mass loss of all the dye 
grafted γ-Al2O3 is nearly identical and the converted mole amount is listed in Table 3. The 
similarity between the amounts of dye molecule grafted on γ-Al2O3 could be related to the 
similar mole mass of the dye molecules and thus similar molecular size. The reason of 
gradual drop of the mass percentage is due to the decomposition of dye molecules into small 
chars as the temperature rises. Nevertheless, the mass of the grafted dye molecules could be 
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calculated by subtracting the mass loss of the parent γ-Al2O3 sample from that of surface 
modified samples. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 TGA spectra of dye grafted γ-Al2O3 and parent γ-Al2O3 
The maximum diameter of the dye molecule is approximately as long as 1 nm, also knowing 
the grafted dye mass obtained from TGA and surface area of the parent γ-Al2O3 measured via 
N2 adsorption desorption isotherm test, we can bring out that about 70 % of the γ-Al2O3 was 
covered by the dyes molecules. (Table 3) Therefore, after the grafting of the dye molecules, 
the surface of the γ-Al2O3 is modified and will possess both the properties of the parent 
100 200 300 400 500 600 700 800 900
80
82
84
86
88
90
92
94
96
98
100
D
er
iv
at
iv
e 
M
as
s 
(%
)
M
as
s 
(%
)
Temperature (degree)
Alumina-blue
0.00
0.05
0.10
0.15
0.20
 
100 200 300 400 500 600 700 800 900
80
82
84
86
88
90
92
94
96
98
100
D
er
iv
at
iv
e 
M
as
s 
(%
)
M
as
s 
(%
)
Temperature (degree)
Alumina-red
0.00
0.05
0.10
0.15
0.20
0.25
 
100 200 300 400 500 600 700 800 900
78
80
82
84
86
88
90
92
94
96
98
100
D
er
iv
at
e 
M
as
s 
(%
)
M
as
s 
(%
)
Temperature (degree)
Alumina-brown
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
 
100 200 300 400 500 600 700 800 900
86
88
90
92
94
96
98
 D
er
iv
at
iv
e 
M
as
s 
(%
)
M
as
s 
(%
)
Temperature (degree)
Alumina
0.0
0.1
0.2
0.3
0.4
0.5
 
Chapter 3 Selective Capturing of Chicken Egg White Lysozyme by Dye Grafted γ-Alumina Nanofibre 
Page | 75  
 
alumina and the properties of dyes at the same time, i.e. its overall surface chemistry is 
altered in terms of IEP, surface hydrophobicity and surface area.  
Table 3. Comparison between dye grafted amounts between different dyes grafted alumina 
nanofibres from weight loss. 
Sample Weight 
loss (%) 
Dye weight (%) Dye Molar Mass 
(g/mol) 
Dye Grafted Amount 
(mmol/g) 
γ-Al2O3 -blue 81.9 5.6 637.43 0.088 
γ-Al2O3 -red 81.5 6 615.33 0.098 
γ-Al2O3 -brown 81.0 6.5 587.57 0.111 
γ-Al2O3 87.5 0 --- --- 
 
3.6 Zeta-Potential Test of Dye Grafted and Parent γ-Al2O3 
To determine surface charge properties, the zeta potential of parent alumina nanofibre and its 
dye grafted counterparts are tested as shown in Figure 8. Fibrous samples are sonicated and 
well dispersed before the measurement (the nanofibrous suspension can be considered as 
colloid-like sample). The obtained IEP value for parent alumina is 8.31 and this value 
accurately matches with the IEP of γ-Al2O3 materials. It can be observed that after grafted 
with dye molecules, the IEP of the combined alumina materials decreased to a lower value. 
(7.38 for γ-Al2O3-brown and 7.05 for γ-Al2O3-red). The IEP of the reactive blue 4 grafted 
alumina was not obtained in the zeta-potential test in the range of pH=10~3. This is probably 
caused by the specific adsorption of the dye modified material. However, it can be confirmed 
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that under low pH, the reactive blue 4 modified alumina carries negative charges at the 
surface of zeta-potential level. 
 
 
 
 
 
 
 
 
 
 
Figure 8. The data above shows the Zeta potential of parent alumina nanofibre and that of the 
dye grafted alumina nanofibres at various dispersion medium pH. The isoelectric point (IEP) 
obtained from the test is marked out the in graph. 
Zeta potential reflects the surface charge of the adsorbents at different solution pH. The IEP 
obtained from the Zeta potential test is in good match with the adsorptive behavior of the γ-
Al2O3 adsorbents. The charges on both the adsorbent and lysozyme change with the 
environment pH and they would interact with each other based on the attractive force 
between opposite charges and repulsive force between the same charges. At pH 7, reactive 
blue 4 grafted γ-Al2O3 shows the best adsorption rate and this could be primarily caused by 
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the electrostatic force interaction due to absolutely opposite surface charges. The electrostatic 
interaction between lysozyme and the dye grafted molecule is depicted in Figure 9. For 
Procion red MX-5B and reactive brown 10 grafted γ-Al2O3, their surface charge shows 
slightly positive but not significant so the adsorption could be partly attributed to hydrophilic 
attractive or physical attachment. Lastly, lysozyme adsorption observed on the parent γ-Al2O3 
at pH 7 might be caused by physical attachment due the large surface area of the substrate 
materials when the influence of surface charge is less significant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Adsorption of lysozyme on the zeta potential level of the modified γ-Al2O3 
nanofibre primarily driven by electrostatic force. 
 
At pH 5 where the environment pH is not friendly for lysozyme adsorption, parent γ-Al2O3 
shows almost no adsorption of lysozyme due to the repulsive force generated by the same 
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surface charges. Meanwhile, reactive brown 10 grafted γ-Al2O3 becomes relatively higher 
than other dye grafted materials and this could be directed to the metal (Cr) chelated to the 
dye molecule that interacts with the amino acid residues of protein molecule [19, 20]. 
 
3.7 Selectivity Adsorption of Lyzosyne from Chicken Egg White (CEW) 
Solution 
Based on the distinctive surface charge properties of lysozyme in the chicken egg white 
mixture as previously introduced, selectively capturing and enrichment of lysozyme is 
conducted and shown in HPLC measurement of the peak area. The peak represents lysozyme 
is calibrated via commercial product. From the HPLC graph, it can be clearly seen that the 
proportion of lysozyme (Figure 10. I) drops significantly after treated with γ-Al2O3 grafted 
with reactive blue. (Figure 10. II) The adsorbed samples were eluted with elution solution and 
tested under HPLC showing the lysozyme enrichment is realised by selective adsorption as it 
can be seen in Figure 10. III. 
In incubated CEW solution (pH=7 buffer solution), most egg proteins (i.e. ovalbumin, 
conalbumin, ovomucoid, ovomucin, G2 globulin, G3 globulin, and ovoinhibitor) have IEP 
values between 4.1 and 6.1 [33]. Under pH=7, lysozyme is positively charged and this charge 
status is opposite to that of the adsorbent. Therefore, the interaction of dye modified γ-Al2O3 
and lysozyme is attractive while all other egg white proteins are negatively charged which is 
same as the adsorbents. Therefore, we expected that the charge–charge interaction could 
predominantly take place between the dye immobilised γ-Al2O3 nanofibres and lysozyme in 
the CEW mixture. 
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Figure 10. Comparison between lysozyme proportion before (I) and After (II) selective 
adsorption from chicken egg white solution by reactive blue 4 grafted γ-Al2O3.  The 
increased proportion of lysozyme after elution is shown in (III). 
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3.8 Measurement of Hydrophobicity of Dye Grafted γ-Al2O3 Nanofibres 
The surface polarity of the reactive dyes can be determined by contact angle measurement. 
The surface properties of γ-Al2O3 nanofibres were modified by immobilisation of different 
dyes. The dyes possess several ionic and hydrophobic groups. The immobilisation of the dye-
ligands on the composite membrane should change the surface polarity, which can be 
effective in defining the interaction of adsorbent surface with proteins.  
The average contact angles of different reactive dyes are measured by contact angle 
goniometer (First Ten Ångstroms 200) and shown as 33.88° for reactive blue (a), 54.29° for 
reactive red (b) and 29.51° for reactive brown (c). (Figure 11) The wetting behaviour of a 
liquid on a solid surface is determined by the surface energies of the three interfaces involved; 
the solid-vapour (γsv), the solid-liquid (γsl) and the liquid-vapour (γlv) [37]. At thermodynamic 
equilibrium the relationship between the three surface free energies and the contact angle is 
described by Young’s equation: 
 γsv = γsl + γlvcosθ 
Where θ represents contact angle. Young's Equation defines the balances of forces caused by 
a wet drop on a dry surface. If the surface is hydrophobic then the contact angle of a drop of 
water will be larger. At room temperature, water has a surface tension of 72.8 mJ/m2 and if 
the surface tension of the fluid is below the surface energy of the solid, the fluid will spread 
rather than staying in a little droplet. 
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Figure 11. The contact angle sample preparation was carried out by compressing the dye 
powder into compressed disc that presents flat surface and measured by contact angle 
analyser. The photo above is taken by a CCD camera and shows the shape of water droplets 
formed onto the surface of (a) reactive blue, (b) reactive red and (c) reactive brown. 
Therefore, hydrophilicity is indicated by smaller contact angles and higher surface energy. 
Based on this knowledge, the difference of the hydrophobic characters on different dye 
ligands can be speculated in the order of hydrophobicity as: Red>Blue>Brown, Overall, the 
relatively hydrophilic property of the dye molecules is well befitting for hydrophilic protein 
adsorption. 
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4. Conclusion 
γ-Al2O3 nanofibre is synthesised by mild chemical procedures under directing of surfactant. 
The calcinated γ-Al2O3 is grafted with different dye molecules to selectivity capture 
lysozyme from chicken egg white solution at room temperature. The highest Lysozyme 
adsorption amount was observed at around 600 mg/g which is quite high comparing with 
other adsorbent materials reported and the lysozyme is enriched from about 5% to 69 %. The 
lysozyme adsorption on γ-Al2O3 parent materials and dye grafted samples is influenced by 
the change of pH of the solution. This is assigned to the electrostatic force being the main 
driving force in the adsorption. It can be asserted that there is more than one driving force in 
lysozyme adsorption on surface modified inorganic materials. At different environmental 
conditions, the proportion of different adsorption driving force also differs.  
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Chapter 4 
Conclusions and Future Work 
The major results of the overall research in this thesis and proposed future work are 
summarized as below: 
1.  Laminar titanate nanomaterial with large surface area (143 m2 g-1) can be easily 
prepared by hydrothermal chemical reaction using TiOSO4. The obtained titanate 
nanolamina is applied as substrate on which Ag2O nanoparticles could be firmly 
anchored due to their coherent interface. After grafted, evenly distributed Ag2O 
nanoparticles could perform efficiently to capture iodine from aqueous solution with 
high adsorption capacity (3.4 mmol of iodine per gram of adsorbent) even under 
competitive adsorption environment and this is due to the favorable chemical reaction 
between the Ag2O and I- to form AgI insoluble solid. Fast adsorption rate is also 
observed from the kinetics test as the adsorption saturation can be reached within 30 
min. Moreover, the adsorbent can be easily recovered for safe disposal and suitable 
for column adsorption bed.  
The potential to tailor these structural features to enhance uptake and trapping of ions 
can be exploited for further development of new and selective adsorbents to remove 
other toxic cations and anions that exist in various wastewater or liquid surroundings. 
In detail, the surface functional groups of the inorganic materials could be modified to 
anchor metal oxides which share coherent interface with the substrate that could bind 
the two phases stably. These modified adsorbents could be used for capturing anion 
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pollutants that can precipitate with the grafted metal oxides. For removing the cation 
pollutants, the substrate surface could be functionalized with organic functional 
groups which have affinities towards cation pollutants for their selective capture. 
2.  The morphology of inorganic materials varies and their application could shift to 
materials with different composition while having similar surface properties. γ-Al2O3 
nanofibres with magnitude of 5 × 60 nm are synthesized by mild chemical procedures 
under directing of surfactant via hydrothermal reaction and calcination. These γ-Al2O3 
nanofibres possess large surface area (243 m2 g-1) and rich surface hydroxyl groups so 
they are ideal substrates for surface modification. What is more, the fibrous 
morphology of the substrates can make sure they are collected easily from aqueous 
solution. After grafted with dye molecules with different charge properties, the 
combined adsorbents are used to selectively capture lysozyme from chicken egg white 
solution at room temperature. The highest Lysozyme adsorption amount was observed 
at around 600 mg/g which is considerably high comparing with other adsorbent 
materials. It is notable that the lysozyme adsorption on γ-Al2O3 parent materials and 
dye grafted adsorbent is influenced by the change of pH of the solution. This 
phenomenon is assigned to the electrostatic force being the main driving force in the 
adsorption of lysozyme on dye modified γ-Al2O3. In the adsorption system of chicken 
egg white solution, lysozyme is selectively captured and significantly enriched (from 
around 5% to 69%).  In the next step, fibrous γ-Al2O3 substrate could be modified 
with various functional groups and dispersed in the membrane to build up a 
chromatographic column. This could be a new approach providing possibilities that 
different biomolecules being separated according to their size and affinity towards 
certain functional groups in purpose of achieving a more specific biomolecule 
separation and enrichment.  
